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ABSTRACT A Ti-50. 7% Ni (atomic fraction) shape alloy was prepared by vacuum induction melting under dynamic argon atmos-
phere. By analyzing the composition, deformation temperature, microstructure, and hardness of the as-cast Ni—Ti shape alloy in this
study, it was found that the properties of the as-cast Ni—Ti alloy met the medical standard. To analyze the variation law of the flow
stress, the flow stress of the compression deformation for as-cast Ni—Ti alloy was studied by high-temperature compression with a
Gleeble—3800 simulated machine within a deformation temperature range of 750-950 °C , strain rate range of 0. 001-1.0s ™", and strain
level of 0. 5. To analyze the relationship between variables in the hot deformation process of as-cast Ni-Ti alloy, a constitutive equation
based on dynamic material model was established. To determine the reasonable range of hot working conditions for as-cast Ni—Ti alloy
deformation, hot processing maps under different hot deformation conditions were set up. The results show that when the deformation
temperature decreases or strain rate increases, the flow stress of as-cast Ni—Ti alloy increases. This phenomenon shows that the main
factors affecting the flow stress of as-cast Ni=Ti alloy are deformation temperature and strain rate. When the strain rate is 1. 0s ™', the
true stress—true strain curves of as-cast Ni—Ti alloy exhibits a zigzag feature. This is mainly attributed to the alternation between hard-
ening and softening during deformation. According to the hot processing maps under different hot deformation conditions, the processing
zone and unstable hot deformation region of the as-cast Ni-Ti alloy were obtained. Then, the best temperature range of hot deformation
is determined as 820-880 °C, and the true strain rate is less than 0. 1s~'. This study provides a theoretical and data basis for the de-
velopment of forging process parameters of Ni—Ti alloy.
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Table 1 Chemical compositions of the medical Ni-Ti alloy in this study
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Fig.1 As-cast microstructure of the Ni=Ti ingot; (a) at the edge; (b) at the center
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Table 2 Ingot phase transition temperature measured by DSC method
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Fig.2 Microhardness distribution of the ingot along the diameter

2.2 Ni-Ti BEHRTRITA

K3 Rzt KoL PAb B Ni-Ti & G 7EA
SCRG AT T IR SRR I 9 BN - BN AR 2R A
AT B S BRI IR B BE, BEE
BN NN TRt ST N IV
o i SR BN 0 S A SRR ARIE | A
I AR BE K, 4 (0 LN T3 KR JEE 208 i B
<6 R S A 7= A 6 i S SO i B A AR TR £ B0
AR B A A S B AL (B TR
Ao A R A ) i P S B AL R Tl S
[0 52 sl ah 25 FFAS & 5 BN AL T, 65 4 00 L
DAL GRS R PNTTE 2 2 NN RS |
ISFNUEAELIS RS ORI T [, 22 W1 8l 265 1ol &2 sl sy 25 4

S5 BN AV A I = T TR AR 5 B
AR LRSI N TS Sh S A E A B 3E 4,
YR E IR BPARIRZS S )| B RS AR

ML 3 AT LA 7R AR SRR — i B, B 4 1T
S I {E 23 i AR B IR (388 K i T . 3K
AT R B Sl N i Bl N 7 BV AR . — T
1], LT #iz o A 0 S, A s A S TR 1Y
Il LB LI 77 W) 8 ARG, (4 B R Rl &2 |
AR TE WIS ) — AR T 5 4
12N 45 0152 Y 3l A5 P45 i A AL VE T BRAR & 4 Y
TR, D3k, B AR HUR  ff AR o FE rh
77 A A 28 R 4 R T A ik A A, A i 4
R, ST 5 B 1 T B K.

UL 3 B, Ni-Ti G4 i H5L N 7 - B AR i 26
SRS AP TR, XA IS T
J5 AR FH RS2, — 7 1 2 A2 20288 o R b 1 Ak
BALSS AR I RE R, 55— 7 T 2 32 A8 T 28 B K
MR Y. Ni-Ti A48 TIRZ4 48 ™) B
AR A SRS ME K T 5 T e L ) 4
H X AR AR L AR Ni-Ti & @ RS I ok i 77
AT K B 16 fb LB IT SE BT =2 1 4
L YR AR KR A KR AL, Y s B3
FRHLAS , W 55 78 B 1 4 op X 08 i 28 . YA 2R
e e A, AT AP AR TE | HL 7 i B, A 42
FRIRE - o7 AR il 2R 5 B LY ) 28R R R R
B BEE AT R ARSEIEAT N A R R FE f AR
B SN2 7= A BT 1 7 0 48 v X3RRI 1 T A8 22 i
%, T EL N 77— o A% fh 288 22 B D R A B 42
2.3 RENMAXMERIAEL

M 3 FE7R G Ni-Ti A 44 B - F0 7%
LTI, R Ni-Ti & 4 sh v 1 {E AR i) 3
B RS & AR o 1 (0 AR 3R DL AR Y TR
JE AR TR AR B AR T R K S 8h 1 g il = 34
K. — A KA Arrhenius XUl F 5% A 49 7 B 4
WA A N 7 AR T TR N AR 39 R 2 (] (14 4



FORE BHRS S S BIEG AT N

- 241 -

150

250

(@ —750 C (b) —750C
—800 C —800 °C
—850°C 200k —850C
—900 C —900 C
. 100 - —950 C . —950 C
& & L
= = 150
: :
e & 100
ad sl m
50
0 Il 1 1 1 1 Il 1 O 1 L 1 1 i 1 |
0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.1 02 03 04 05 0.6 0.7 0.8
S N
350 — 500
© —750C | () —750°C
300k —800C 430 —800°C
—2850C 400 - —3850 C.
—900 C —900 C
2501 —950C 350} —950C
< <
=] ey L
= 200t = 300
E E 250
=l 150+ =
m o 200
100+ 150
100
50
50
0 Il 1 Il 1 1 Il 1 0 1 1 1 Il 1 1 Il
0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.1 0.2 0.3 04 05 0.6 0.7 0.8
3 AFERASEZRT A 2SI N B ELN - M AS R, (a) 0.001s™'; (b) 0.01s™'; (¢) 0.1s7"; (d) 1s7!
Fig.3 True stress-true strain curve at different deformation temperatures under different strain rates: (a) 0.001s~'; (b) 0.01s7"; (¢) 0.1s7';
(d) 1s7!
MR P B = na (5)
. : \ KA, HE R
£ =A[sinh(ao) |"exp (_RQT) (1) 2

Krp .o RN ) S F ST BN J), MPajé j& N
AR s Q BRI TEBIERE, I R N RE 4K,
8.314 J-mol ' +K ™', T N4 XHEE  K;a,A,n HH R
WAL
X (1) AT 5 pan  FKak X,
£ =A [sinh (ao) |"exp ( —%) =

4 [exp (ao) —Zexp ( —ao) ]nexp ( _%)(2)

(ERLRIIPIRE I , a0 £/ sinh (ao) ~a0,
M= (2) ATlA A

s=deatotexp (- L) =40
A, WL
Fﬁ%@ﬁ%ﬁﬁgaﬁﬁ@@(wq~%
exp(ac) M2 (2) AT AN

(3)

9 ) e 60

: —_ 1 ( —
e=A nexP (nao) exp RT

AR Zener—Hollomon 2% ( RV B #M2 114 A8
ot ) 0 7 3 7 2R 2 T

KA
Z =¢eexp [I_\TQT] =A [sinh(ao) ]" (6)

SRIF R (1) L (3) R (4) W BL A SR X5,
W .

lné:lnA—R%,+n-ln[sinh(aa')} (7)
Iné=InA, +nln o (8)
In & =In A, +Bo 9)

MR E R, i (8) A (9) Al A, Ing 5
Ino \In &€ 5§ o W—WREOCR ,n T B 7352 In &~
In o HHZEHN In &-0 MMZRAIFIR.

B 3 A EAS ) SE G 254 F 1 Ni-Ti A 4 B
T3 FLN AR 2 AR A A, I 2 1m0 09 325 ] 43031
2 In e-o Ml In é-1n o ML, WK 4 FiR.

M (7) AT LA HY 240 AR 3 R [ 5

Q _ [dln [sinh(ao) ]
0(1/T)

Rn "~ (10)



242 -

TR 5 41 5,55 2 1)

(@)
0 -
,1 -
=
%
<
T AT = 750 C
) ® 800 C
o A 350 C
—6F v 900 °C
4950 C
7L 4AvAe a
1

1 1 1 ! 1
0 50 100 150 200 250 300 350
a/MPa

(b)
o A o n
_1 L
_2 [
% 3t
<
E 4t
< " 750 C
5+ ® 800 C
| A850°C
=6 900 C
7l €950C
-8 1 1 I 1 L
35 4.0 45 5.0 55

In(a/MPa)

B4 N-Ti 5E0RAEN I SMAERKKKER . (a) Iné-0; (b) né-lno

Fig.4 Relationship between steady state stress and strain rate of Ni—Ti alloy: (a) In é&-0; (b) In é-In o

S B
dln &
"E [8111 [sinh(ao) ] 1, (1)
AL (10) F(11) , 45
_ dln & dln [ sinh(ao) |
O=R [aln [sinh(ao) ] 1, [ a(1/T)
(12)

SR — T [ UH 5353 2 N R BE AR R fY
In &~In [sinh(ao) ] Fl In [sinh(ao) ]-T7"' & Z
2, E S B,

MRPER (12) , AR Ni- Ti A 4 i IR AR T il AR
FEBOHRE 0 =109. 37 kJ-mol ' K5 O R ACAR(6),
AR RTRASIE 250 T 1Y Z {5, Sk e %t X (6) Mk
SR/ O EIRCE R

InZ=1InA +nln [sinh(ao) ] (13)
gL (13) "Ll InZ 5 In [ sinh(ao) |52
RN 25K 6 iR, RAEE 6 £ i RbR
FEHE , TSR AR B E n FTA(EUNT 20 =3. 49,
A=1.50 x10". KRH n M B AR a=0.010. HK
@

L 1 1
-15 -10 -05 0 0.5 1.0 1.3 2.0

In[sinh(ao}]

THY Q on A Fl o FERPRIZHC ASC(1) , T3] Ni-

Ti & PR AR AT AR S ) A T R <

109370 )
RT

(14)

b Z MBI 2= éexp (1010

PR, a3 3 R A S AN R AR B 9 44
B R IEXT S MBS B A R (o) Z IR 6 R
T2 PLA, B #(15) ~ (18), & 45%
mr.
n=3.5477 +0. 68045¢ +0. 34967 +0. 66583&°
(15)
a =0. 00634 +0.01079¢ +0. 01795 +0. 00972°
(16)
0 =190. 82571 +91. 19048 +321. 0083 +
278. 08333 (17)
In A =17.32771 +5. 80758« +26. 409655 +
24. 69444 £° (18)
WA R ERATTRE(LS) ~ (18) 154

o
1 /
% O /
5]
=
=
w)
2}
| |

£=1.50 %10’ x [ sinh (0. 0100°) ]*“exp (

0.001 s7!
©0.01 5!
-2F AQ.1s!
v1.0s™!
— 1 Il 1
0.80 0.85 0.90 0.95 1.00

T-1(107 K-

B5 Ni-Ti 540 In [sinh(ao) ]-In & RFEML (a) Al In [sinh(ao) =T RERML (D)
Fig.5 Relation curve of In [ sinh(ac) J-In & of Ni-Ti alloy (a) and relation curve of In [ sinh(ao) ]-T"" of Ni-Ti alloy (b)



FORE BHRS S S BIEG AT N

- 243 -

18

161

6 -1.5 -1.0 -05 0 0.5 1.0 1.5 2.0

In[sinh(co)]

B 6 InZ 5 In [sinh(ao) ] RRMLL
Fig.6 Plot of InZ versus In [ sinh(ac) ]

PR N e Q A InA {8, JFARA (1) 11545
BRIV 26 1F (I IRLBE I Sl RN A8 4 ) R
R L AE, I S B ME AT 0 B, P A X
LEIEanTEl 7 froR.

300
R EE:900 C AT R R
SR T
200
£
=
2
2
m
100

01 02 03 04 05 06 07 08
RS

7 TR 2 S A A B LE AR

Fig.7 Comparison between predicted and measured flow curves

LT AT LA, T8 ST A K 7 R RS L3
e iff 1) PO BB A 4 1 I BN Nz T, DT 5 4 it A2 S
PREesK.

2.4 BINIERZINA

Ni~Ti G FEA R S50 45145 B sl 7 fa an
3 Fim.

HRPEF 3 P AIEHE , R FH Matlab 344054 7R 48]
AL A3 8] Ni- Ti JERIEIZ A S ERN AR & R 0.1,
0.2.0.3 F10. 4 N T, aniEl 8 s, Kt 52
B AT RN IR R AR X I, 45 2 3R 1 2 D) R AR K
[RIE, DR FE B0 K R & i T R ik 4r
H & 8 AT LAt , & 4 AE7E W I (R 0 1222 42 DXFN it
ARFRX RIIA S 25T Ni-Ti & &6 H
PRI E 5 RN 820 ~ 880 °C , LIV A% 3 KA T
0.1s7".

£3  Ni- T BRICIZE SR RIRIE ST R S {H
Table 3 Rheological stress and strain values of Ni—Ti alloy under differ-

ent deformation conditions

N AR ANTE) i BE R (B 1/ MPa
Ny AR 1
/™' 750°C 800°C  850C  900°C 950 C
0.001 85.146 62.551 48.931 42.566 33.268
0.010 146.85 115.86 88.264 72.478 68.129
01 0.100 243.55 180.24 158.4 127.82 100.34
1.000 326.47 285.74 234.88 203.07 169.07
0.001 81.899 61.742 48.776 40.358 31.135
0.010 143.9 112.64 85.382 70.403 64.094
02 0.100 237.88 178.41 157.04 123.73 97.844
1.000 309.36 265.71 228.3 198.52 168.68
0.001 78.147 60.99 46.518 38.79  29.61
0.010 141.94 108.84 80.703 67.432 59.946
03 0.100 224.64 178.59 151.53 119.42 92.211
1.000 289.45 253.92 223.79 192.29 163.3
0.001 76.852 58.794 45.453 37.331 28.22
0.010 134.4 107.74 78.287 67.808 56.722
04 0.100 214  180.08 150.86 115.87 90.351
1.000 285.38 247.41 223.23 188.73 159.85
3 i

(1) AR S FNARTE B 2 s i B ) Ni-Ti %
RICIZE SRR BN KN FZ R, YR
JEE VR INBI I 7% T AR R G 4 R U B0 0 T (E 23 Bifi
ZHEK.

(2) Ni-Ti & & HRBIR WG Q =109.37 k] -
mol ' MR AT AM HF RN & =1.50 x 10° x
109370 )

RT

(3)EEH Ni-Ti &4 & BRI 15 T Bl A
820 ~ 880 °C , LN AFHRALTF 0. 157

[sinh(0.0100) > *exp (

& % x #

[1] Jani J M, Leary M, Subic A, et al. A review of shape memory al-
loy research, applications and opportunities. Mater Des, 2014,
56 1078

[2] Frenzel J, George E P, Dlouhy A, et al. Influence of Ni on mar-
tensitic phase transformations in NiTi shape memory alloys. Acta
Mater, 2010, 58(9) . 3444

[3] Jiang S'Y, Zhang Y Q. Microstructure evolution and deformation
behavior of as-cast NiTi shape memory alloy under compression.
Trans Nonferrous Met Soc China, 2012, 22(1) . 90

[4] Zhao W B. Material characteristic and medical application of nick-

el-titanium shape memory alloy. J Clin Rehabilitative Tissue Eng



. 244 - TR 5 41 5,55 2 1)
0 0
j \__/ / @ 18@
70.5 -0.5F
34
-1.0f —1-0
\é -1.5¢F L \Q -1.5F U
= E
72.0 2.0}
_25F / -2.5
35 38 34
(ol YR\ W
-30 e NN -3.0
750 800 850 900 950 750 800 850 900 950
TREE/C SHPEIC
0 o 2 @
38._]
_0.5F /,ﬁ—-——ss 36\
\// 0
—1.0F p
- R / /—\ 14
2 3 -15f U \L
5 =
,2'(),
25+ /\4; 48 25 (
) 43 53 28 24
IR/ L (T y ™\ ((QJ
750 800 850 900 950 750 800 850 900 950
TREE/C RREIC
B8 ARMART Ni-Ti 54RHIMTE. (a) 0.1; (b) 0.2; (¢) 0.3; (d) 0.4

(5]

(6]

(7]

(8]

(9]

[10]

Fig.8 Processing maps for Ni—Ti alloy at different strains:

Res, 2007, 11(22): 4376

OBZERZ. BEIERICIZE S MR ERE S RN, P
HAT ARG IRIKIER 2007, 11(22) ; 4376)

Niinomi M. Recent metallic materials for biomedical application.

Metall Mater Trans A, 2002, 33(3) . 477

Zhang Y T, Liu HY, Wang C, et al. Development trend and re-

search application situation of biomedical metal materials. Hot

Working Technol, 2017, 46(4) . 21

(skoakig, XUBUIE, EE, % EYEE 4R AR 5

PR B K e, INT.TZ, 2017, 46(4) : 21)

Gao Y J, Chen H N. Shape memory alloy and its application in

medicine. Guangxi Phys, 2001, 22(1) . 24

(R, BRiET. IRICICE & K FAE = PR . T

YyBE, 2001, 22(1) ; 24)

YuZ T, YuS, Cheng J, et al. Development and application of

novel biomedical titanium alloy materials. Acta Metall Sinica,

2017, 53(10) : 1238

(TR, RAR, BEZ%, 55 BB IR G S bTRL 190 & F0 0

JHER. 4 @244, 2017, 53(10) ; 1238)

Lei W G, Zhao Y Q, Han D, et al. Development of melting tech-

nology for titanium alloys. Mater Rev, 2016, 30(3) : 101
OO, BOKIR, ®ilk, 5. BREBRG SR HREOR R IR IR,

REHSR , 2016, 30(3) : 101)
Chen W, Zhang W H, Liu L. H, et al. Status and trend in the

development of the research on the processing technic for NiTi

(a) 0.1; (b) 0.2 (¢) 0.3; (d) 0.4

SMA. Forging Stamping Technol, 2005 (Suppl 1) : 24

(BRi, skfher, xialfe, 4. NiTi 3B Ridic& 48 m T TZ

TR BLRN K R 3. %B%Jﬂévk, 2005 (HTI1) - 24)
[11] Zhang HG, He Y, Liu X F, et al. Hot deformation behavior and
constitutive relationship of Ni—Ti shape memory alloy during com-
pression at elevated temperatures. Acta Metall Sinica, 2007, 43
(9):930
(TRZLAN, 5, XS, 45 Ni-Ti PRSI S S PER AL
AT BAMER. mAli, 2007, 43(9) : 930)
[12] Zhang W H, Zhang S H. Correction of hot compression test data
and constitutive equation of NiTi alloy. Acta Metall Sinica,
2006, 42(10) : 1036
(BkAtLr, k7. NiTi & 43R40 R 50 400 19 16 1F J HA
MJrRE. EJmFR, 2006, 42(10) ; 1036)
Da GZ, XiaT D, Wang T M, et al. Preparation of porous NiTi

J Lanzhou

[13]
shape memory alloy and its microstructure analysis.
Univ Nat Sci, 2003, 39(10) : 31
(GREM, EXAR, ERR, 5. 240 NiTi ic128 4 il %
RO, NI (A AR, 2003, 39(10)
31)
[14] Jiang S Y, Tang M, Zhao Y N, et al. Crystallization of amor-
phous NiTi shape memory alloy fabricated by severe plastic de-
formation. Trans Nonferrous Met Soc China, 2014, 24(6) . 1758
He Z R, Zhang Y H, Liu C, et al.

[15]

Study on phase transition,

shape and superelastic behavior of TiNi alloy. J Shaanxi Inst



FORE BHRS S S BIEG AT N

- 245 -

[16]

[17]

[18]

[19]

[20]

Technol, 1998(4) . 1

UGS, ok, NIE, S TiNi A S ARAE JRIR KO s
TTAWESE. BRVU T2 Be M, 1998(4) : 1)
Babu K A, Mandal S, Athreya C N, et al. Hot deformation char-
acteristics and processing map of a phosphorous modified super
austenitic stainless steel. Mater Des, 2017, 115, 262
Pu E X, Zheng W J, Xiang J Z, et al. Hot deformation charac-
teristic and processing map of superaustenitic stainless steel
S32654. Mater Sct Eng A, 2014, 598 . 174
Morakabati M, Kheirandish S, Aboutalebi M, et al. A study on
the hot workability of wrought NiTi shape memory alloy. Mater Sci
Eng A, 2011, 528(18) ;: 5656
Wan Z P, Hu L X, Sun Y, et al. Hot deformation behavior and
processing workability of a Ni-based alloy. J Alloys Compd ,2018,
15(769) :367
Zhang H D, Liu Y, Zhang F, et al. Hot deformation hehavior

and processing maps of diamond/Cu composites. Metall Mater

[21]

[22]

[23]

[24]

Trans A, 2018, 49(6) . 2202

Sun Y, Feng X Y, Hu L X, et al. Characterization on hot de-
formation behavior of Ti-22A1-25Nb alloy using a combination of
3D processing maps and finite element simulation method. J Al-
loys Compd, 2018, 753 256

Edalati K, Horita Z. High-pressure torsion of pure metals: influ-
ence of atomic bond parameters and stacking fault energy on grain
size and correlation with hardness. Acta Mater, 2011, 59(17) :
6831

Wang WY, Pan Q L, Sun Y W, et al. Study on hot compressive
deformation behaviors and corresponding industrial extrusion of
as-homogenized Al-7.82Zn-1. 96Mg-2. 35Cu-0. 11Zr alloy. J
Mater Sci, 2018, 53(16) : 11728

Zhang Y Q, Jiang S Y, Zhao Y N, et al. Constitutive equation
and processing map of equiatomic NiTi shape memory alloy under
hot plastic deformation. Trans Nonferrous Met Soc China, 2016,
26(8): 2152



